Abstract: G protein-coupled receptors (GPCRs) are major drug targets and have high potential for drug discovery. The development of a method for measuring the activities of GPCRs is essential for pharmacology and drug screening. However, it is difficult to measure the effects of a drug by monitoring the receptor on the cell surface, and changes in the concentrations of downstream signaling molecules, which are specific to each receptor, are used as an index of the receptor activity. Here, we show that singlemolecule imaging analysis provides an alternative method for assessing GPCR activity.
Total internal reflection fluorescence microscopy (TIRFM) is a common imaging method for observing single molecules on the basal membrane of a living cell (6) (7) (8) .
Dimerization and diffusion of the M1 muscarinic receptor (9) and the N-formyl-peptide receptor (10) have been measured by TIRFM, but there was limited information about the activation process because the fluorescent dyes were conjugated with agonists in these studies, preventing observation of the inactive state. Recent studies have reported that the oligomerization and diffusion of the -adrenergic receptor (11) , GABAB receptors (11) , and dopamine D2 receptors (12) change upon ligand stimulation; however, the physiological background and generality of these observations are unknown.
Here, we examined the relationship between the diffusion and activity of metabotropic glutamate receptor 3 (mGluR3) as a model class C GPCR. Class C GPCRs have a large extracellular ligand-binding domain (ECD) on the N-terminal side of the seven alpha-helical transmembrane domains (TMDs) (Fig. 1A ). The ECDs function as an obligatory dimer, where dimeric reorientation occurs upon ligand binding (13, 14) . The conformational change in ECDs promotes the dimeric rearrangement of TMDs (15) (16) (17) , activating a protomer of the TMD dimer (18, 19) . Single-molecule tracking (SMT) analysis demonstrated that the average diffusion coefficient (DAv) of mGluR3 quantitatively reflects receptor activity. The inhibitor assay and dual-color TIRFM analysis indicated that the slowing of mGluR3 was related to the decoupling of the receptor/G protein coupling complex followed by the receptors accumulating in clathrin-coated pits (CCPs). We verified the generality of the agonist-induced change in the diffusion dynamics of GPCRs by comparing the DAv of nine GPCRs in various phylogenetic positions.
Results

Expression, fluorescence labeling, single-molecule imaging, and MSD-t plot analysis of HaloTag fusion mGluR3
mGluRs (20) , almost all receptor molecules were labeled in the present measurements. The mean density of receptor molecules on a cell surface was 0.40 ± 0.11 particles/μm 2 in the single-molecule images ( Fig. S2C ; mean ± SD).
We quantified the mean square displacement (MSD) from the trajectories traced by SMT in each cell (Fig. 1B) , and analyzed the dose-dependent change in the total average MSDs of the trajectories (Fig. 1C-E) . Stimulation with the inverse agonist LY341495 significantly increased the MSD of mGluR3 molecules (Fig. 1C) . In contrast, stimulation with the agonist LY379268 significantly decreased the MSD in a dose-dependent manner (Fig. 1D) . We also analyzed the LY379268-dependent diffusion change of mGluR3 in the presence of 1 M MNI137, a negative allosteric modulator (NAM) (21) . MNI137 binding to the TMD suppressed the agonist-dependent decrease of MSD, and no significant difference was observed upon LY379268 stimulation (Fig.   1E ).
Relationship among average diffusion coefficient, ligand binding affinity, and G protein activation efficiency of mGluR3
We calculated the DAv of mGluR3 molecules from the MSD (equations 1 and 2 in Methods). The dose-dependent curves showed the LY341495-induced increase and LY379268-induced decrease of DAv in the absence of other ligands ( Fig. 2A) . The LY379268-dependent decrease of DAv was greater in the presence of 100 nM LY341495, and was significantly suppressed by the addition of 1 M MNI137 (Fig.  2B) . To compare the dose-dependency of DAv with the ligand-binding affinity of mGluR3, we performed an in vitro [ 3 H]-LY341495 binding assay (Fig. 2C, D) . The EC50 value of the LY341495-induced increase of DAv ( Fig. 2A ) was at most half that of These results suggested that the dose-dependency of DAv corresponded well with the ligand-binding affinity. The effect of MNI137 on mGluR3 could not be measured by the [ 3 H]-LY341495 binding assay; no significant difference was observed with and without mGluR3 (22, 23) . Thus, the inverse agonist-induced increase and agonist-induced decrease of DAv in Fig. 2A reflected the change in the equilibrium between the inactive and active states of mGluR3 molecules on the cell surface. Furthermore, 1 M MNI137 significantly suppressed the agonist-induced increase of G protein activation efficiency (Fig. 2F) , as expected from DAv of mGluR3 (Fig. 2B ).
The IC50 of LY341495-induced suppression of the basal activity ( Fig. 2E ) was one order of magnitude smaller than those obtained from the ligand-binding assay ( Fig.   2C ) and from the dose-dependency of DAv ( Fig. 2A) . Furthermore, there was a difference of two orders of magnitude between the EC50 values of the LY379268-dependent increase of G protein activation efficiencies with ( Fig. 2F ) and without 100 nM LY341495 (Fig. 2E ), where that with 100 nM LY341495 was similar to those estimated from the ligand binding assay ( Fig. 2C ) and from the dose-dependency of DAv ( Fig. 2A, B) . Generally, it is difficult to estimate the ligand occupancy from a downstream response after amplification of the signaling cascade because the response is usually saturated at a ligand concentration lower than the saturation binding (24) .
Single-molecule imaging analysis allows us to assess the fraction of receptors in the inactive and active states, which corresponds well to the fraction of ligand binding.
Under ligand saturation conditions, changes in DAv and G protein activation efficiency were consistent (Fig. 2G ).
Ligand-induced changes in the mGluR3 diffusion state distribution
Next, we performed variational Bayesian-hidden Markov model (VB-HMM) clustering analysis (25, 26) to classify the diffusion states of mGluR3. VB-HMM analysis of the total trajectories suggested that the diffusion of mGluR3 molecules could be classified into four states (immobile, slow, medium, fast) (Figs. 3A, B, S3, and Movie 1). The fast and medium states contained transient directional and nondirectional movements and their MSD-t plots were linear in the average (Fig. S3C, D) .
In contrast, concave-down MSD-t plots were observed in the slow and immobile states (Fig. S3E, F) , indicating the confined diffusion of mGluR3 (27) . The confinement lengths were estimated to be 140 and 70 nm, respectively (Fig. S3E , F, and Methods), which were consistent with the radii of plasma membrane microdomains (28) . The distribution of the apparent oligomer size of mGluR3 in each diffusion state was estimated from the intensity histogram based on the sum of Gaussian functions. The mean intensity of monomeric TMR estimated from the intensity histogram of TMRlabeled CD86, a monomeric membrane protein, on HEK293 cells (11) (Fig. S3G ), was about half of that of the highest peak in the histogram of mGluR, suggesting that the majority of mGluR forms dimers (Fig. S3H) . The higher-order clusters of mGluR3 were mainly related to the immobile state, where the intensity histogram was right-shifted compared with the other diffusion states (Fig. S3H) .
Upon LY341495 stimulation, the fraction of fast state molecules significantly increased, whereas the fractions of immobile and slow state molecules decreased in a dose-dependent manner (Fig. 3C ). In contrast, LY379268 stimulation increased the fraction of the immobile and slow states, but decreased the fraction of the fast state (Fig.   3D ). To analyze the transitions among the four states, we estimated the time constants of the state transition from the VB-HMM transition array (Figs. 3E, S4 ). The dosedependent changes were mainly observed in the transition from the slower to the faster states, suggesting that the activation of mGluR3 made it difficult to escape from the microdomain and that mGluR3 was trapped in a slower state. The diffusion coefficients of medium and slow states estimated from the VB-HMM analysis also changed significantly upon ligand stimulation (Figs. 3E, S5). The ligand-induced changes in DAv in Fig. 2A , B were derived from the opposite change in the fraction of the fast state compared with the slow and immobile states, and also from the changes in the diffusion coefficients in the medium and slow states (Fig. 3E) .
Effects of pertussis toxin on mGluR3 molecule diffusion
We analyzed the effect of pertussis toxin (PTX), an inhibitor of Gi/o proteins, to link the diffusion state with the G protein-bound state of mGluR3 (Fig. 4A) . The PTX treatment decreased the average diffusion coefficient significantly (Fig. 4B, C) , reflecting a decrease in the fast state fraction and an increase in the immobile state fraction for the inactive (100 nM LY341495) and active (100 M LY379268) ligand conditions, respectively (Fig. 4F, G) . To confirm that the effect of PTX was caused by the loss of the interaction between mGluR3 and Gi/o, we analyzed the effects of the B oligomer of PTX as a negative control. The B oligomer carries the A protomer that catalyzes ADP-ribosylation of the Gi/o -subunit (29) (Fig. 4A) . Treatment with the B oligomer alone did not alter the diffusion of mGluR3 (Fig. 4D-G) , indicating that the the decrease in DAv upon agonist stimulation in Fig. 2A , B is partly explained by the decrease in mGluR3 coupling with Gi/o protein.
Dual-color TIRFM analysis of mGluR3 colocalized with clathrin
We investigated the physiological events related to the immobile state that increased upon activation of mGluR3, in contrast to the decrease in the fast state. A TIRFM image showed that the immobile state was related to clustering of mGluR3 molecules followed by internalization (Fig. 5A ). Immobile clusters of mGluR3 were formed and disappeared with rapid directional movement (Movie 2). To test whether the clusters were receptors in the CCP, we analyzed the colocalization of TMR-labeled mGluR3 and green fluorescent protein (GFP)-labeled clathrin light chain (CLC) by dual-color TIRFM. When mGluR3 and CLC were colocalized, TMR intensity increased rapidly ( Fig. 5B , C, and Movie 3). The intensities of TMR and GFP decreased simultaneously several seconds after colocalization (Fig. 5C ). These results suggested that mGluR3 formed a large cluster in a CCP and the cluster was internalized as a clathrin-coated vesicle in the cytoplasmic region, which could not be reached by the evanescent light (Fig. 5A ).
Next, we quantified the distribution of the diffusion states of mGluR3 colocalized with CLC (mGluR3/CLC) and compared it with the total number of mGluR3 molecules (mGluR3/total) for the inactive (100 nM LY341495) and active (100 M LY379268) ligand conditions. The immobile state fraction was significantly higher in mGluR3/CLC than in mGluR3/total, indicating that the clathrin binding immobilized the receptor (blue and red lines, Fig. 5D ). Comparing the inactive and active ligand conditions demonstrated that the fraction of the immobile state of mGluR3/CLC increased upon activation (black lines, Fig. 5D ). Furthermore, the probability and time constant of the colocalization between mGluR3 and CLC were increased significantly after activation ( Fig. 5E-G) . The cumulative histogram of the colocalization duration was fitted with a double exponential function with short and long time constants (Fig. 5F ). The short component of colocalization may include the mGluR3 incidentally adjacent to CLC, where no significant difference was observed between LY341495 and LY379268 ( Fig.   5G ). In contrast, the time constant of the long component for the active ligand conditions was ~2-fold longer than that of the inactive ligand conditions (Fig. 5G ).
Because the ratio of short to long components was not changed by activation (inset, Fig.   5G ), the ~1.6-fold increase in the probability of colocalization in Fig. 5E was mainly caused by the increase of the colocalization duration. Thus, the immobile state fraction in the total trajectories reflected the number of mGluR3 molecules interacting with clathrin molecules, which increased upon activation.
Correlation between receptor density, mean oligomer size, and DAv
We also analyzed the ligand-induced changes in mean oligomer size, which should be related to internalization. However, the mean oligomer size showed no clear dose-dependency ( Fig. S6A-C) . This may be due to the higher correlation between mean oligomer size and receptor density ( Fig. S6D-G) . The mean oligomer size of mGluR3 was significantly and positively correlated with receptor density (Fig. S6G) . Thus, the strict selection of cells based on receptor density is required to test the ligand effect on oligomer size. In contrast, no significant correlation was observed between receptor density and DAv (Fig. S7 ). DAv is a robust index of mGluR3 activity that is independent of the receptor expression level.
Generality of the agonist-induced diffusion change of GPCRs
To test the generality of the relationship between the diffusion and activation of (Fig. S2B, D) . Under the labeling conditions, ~70% of receptors were labeled with SF650 with lower non-specific binding (Fig. S2D) .
We compared the MSD-t plots of the trajectories of GPCR molecules with and without agonist stimulation (Fig. S8) (Fig. 2E ). In the presence of an agonist, the DAv of GPCRs was 0.04-0.07 m 2 /s. A drug effect on each
Discussion
The present study provides a new method for assessing the effects of drugs on
GPCRs by monitoring the diffusion behavior of GPCRs. We obtained proof-of-concept of the applicability of single-molecule imaging to the pharmacology of a class C GPCR, mGluR3. The basal activity, agonist-induced activation, inverse agonist-induced inactivation, and NAM-dependent suppression of activity can be evaluated by measuring DAv of mGluR3 on the living cell surface (Fig. 2) . The dose-dependent change of DAv was derived from the population shift of the four diffusion states and the change of the diffusion coefficient of each state (Fig. 3E) . The PTX treatment assay suggested that the fast state is related to the mGluR3 binding with the G protein (Fig. 4) . Before the experiment, we expected that PTX would have an effect only under the active ligand conditions; however, this was not the case.
The slowing of the mGluR3 by PTX was observed more clearly under the inactive ligand conditions (Fig. 4) , providing evidence of mGluR3/G protein precoupling. is rare to observe the whole process, from the recruitment of receptors into the CCP to the internalization, as shown in Fig. 5B , C, where the clustering rate of the receptorclathrin complex was greater than the photobleaching rate.
Precoupling of GPCRs with G proteins has been demonstrated in class A GPCRs (30-
These physiological events, which affect diffusion, are not specific to class C GPCRs. If a drug effect on a GPCR can be estimated from a common change in the diffusion dynamics, we could perform drug assessments of GPCRs without knowing the specific signaling cascade. Therefore, we verified the generality of the diffusion change The agonist-induced increases of diffusion coefficients of GABAB (11) and dopamine D2 receptors (12) were reported in previous studies. The apparent discrepancy between the present study and the previous studies arose from the labeling methods used in each study. In the previous studies, N-terminally SNAP-tagged GPCRs were labeled with non-membrane-permeable fluorophores (11, 12) . In this method, only the receptor molecules on the cell surface were labeled at some time point, similar to a pulse-chase experiment. Therefore, the agonist-induced internalization of receptors caused the selective loss of the immobilized receptors in CCPs from the measurements.
In contrast, we used membrane-permeable fluorophores, which allowed us to uniformly label the receptor molecules in the cell. The whole-cell labeling allowed us to monitor the total number of receptor molecules at steady state, with or without ligands on the cell surface, including newly exocytosed receptors after labeling. Furthermore, there is a clear difference between the analysis in the present study and that used in the study by Tabor et al., (12) who excluded slow-moving receptors (D < 0.02 m 2 /s). If we performed a similar analysis here, the immobile and slow diffusion fractions of mGluR3 would be almost completely filtered out, resulting in a misleading evaluation of DAv.
In conclusion, the diffusion coefficient is a good index for estimating the activities of various GPCRs on a living cell. The present method can be applied to HEK293 cells transiently expressing fluorescently labeled GPCRs because DAv is hardly affected by variability in the cell surface receptor density (Fig. S7) . Because it is possible to quantify the diffusion of any GPCR by using TIRFM, our technique could
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/205161 doi: bioRxiv preprint first posted online Oct. 18, 2017; be useful for drug screening of many GPCRs, including orphan GPCRs, about which little is known. We anticipate that the present study will contribute to the future development of a single-molecule dynamics-based pharmacological method for GPCRs. 
Materials and Methods
Materials
Construction of cDNA
The HaloTag7 (Promega) coding sequence was amplified by PCR, and was fused at the C-terminus of mouse mGluR3 with an In-Fusion HD Cloning Kit (Clontech). To quantify the expression of wild type and HaloTag-fused mGluR3 by Western blotting analysis, the epitope sequence of the anti-bovine rhodopsin monoclonal antibody Rho1D4 was also fused at the C-terminus. The cDNAs of mGluR3s were introduced into the pcDNA3.1 mammalian expression vector (Invitrogen). The cDNAs of other GPCRs (ADRB2, HTR2A, HRH1, ADORA2A, FFAR4, CXCR4, F2R, GCGR) were purchased from Promega, and the receptor coding sequences were inserted into pFC14K
HaloTag CMV Flexi Vector. The CD86 (M1-R277) coding sequence was amplified by PCR, and inserted into the pEGFP-N1 mammalian expression vector (Clontech), where the coding sequence of EGFP was swapped with that of HaloTag7. The cDNA of GFPtagged CLC was constructed as previously reported (37) .
Single-molecule imaging
HEK293 cells were cultured in DMEM/F12 containing phenol red (Gibco) supplemented with 15 mM HEPES (pH 7.3), 29 mM NaHCO3, and 10% FBS at 37 °C under 5% CO2. The plasmid DNA of HaloTag-fused mGluR3 was transfected into HEK293 cells cultured on glass coverslips (Matsunami) on a 60-mm dish 1 day before imaging. Lipofectamine 3000 (Invitrogen) was used for transfection. After 15 min incubation at room temperature, the transfection mixture (plasmid DNA (0.1 g), P3000 reagent (0.2 L), Lipofectamine 3000 reagent (2.5 L), and Opti-MEM (120 L, Gibco)) was added to cells cultured with DMEM/F12 (3 mL) on a 60-mm dish. For dual-color imaging, the plasmid DNA of GFP-fused CLC (0.02 g) was co-transfected with HaloTag-fused mGluR3. After 3 h incubation at 37 °C under 5% CO2, the medium was changed to DMEM/F12 without phenol red (3 mL, Gibco) supplemented with 10% FBS.
After overnight incubation, the HaloTag-fused mGluR3 was labeled with 300 nM , and GFP-labeled CLC was performed according to a previous method (38) .
The cells on a coverslip were treated with 4% paraformaldehyde/0.2% glutaraldehyde in PBS for 30 min at room temperature, and they were washed five times with HBSS before imaging.
Analysis of single-molecule images
The multiple TIFF files (16 bit) were processed by ImageJ as follows.
Background subtraction was performed with a rolling ball radius of 25 pixels, and two- where n is the length of frames, t is the frame rate (30.5 ms), and N is the total frame number of the trajectory. DAv was calculated based on the two-dimensional diffusion equation
where MSDj is the MSD of the j-th trajectory and M is the total number of trajectories.
DAv in the present study was calculated for n = 6 (n∆t = 183 ms). The EC50 and IC50 of the ligand-dependent changes of DAv were calculated by equations 3 and 4, respectively.
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. The MSD-t plot was fitted by(39)
where L is the confinement length and D is the diffusion coefficient taking the limit of t to 0.
The histogram of the displacement (r = √MSD) within t (30.5 ms) of the trajectories of each HMM diffusion state was fitted by (40)
.
The histogram of the intensity distribution was fitted by sum of the N Gaussian
where n is the oligomer size, and I and  are mean and SD of a single TMR molecule, respectively. N was determined by using the Akaike information criterion. I and  were estimated to be 530 and 210 from the measurement of TMR-labeled CD86. The percentage of each oligomer size, Percent(n), and mean oligomer size on each cell surface were calculated by equations 8 and 9, respectively.
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The colocalization of TMR-labeled mGluR3 and GFP-labeled CLC was defined as particles within 100 nm of each other in the same frame. The position accuracies of TMR-labeled mGluR3 and GFP-labeled CLC on the fixed cells were estimated to be 28 and 31 nm, respectively, from 1 SD of the displacement distribution of the immobile particles. The error of the alignment between the two channels after the image processing was estimated to be 18 nm from the difference in the positions of the same gold particles. Therefore, 100 nm corresponded to ~2 SD of the total position accuracy.
The time constants of colocalization were estimated from a curve fitting of the cumulative histogram ( The fraction of two components was estimated from the ratio of A1 to A2.
VB-HMM clustering analysis of trajectories of mGluR3
The VB-HMM analysis was performed with a LabView-based homemade program developed according to previously reported algorithms (25, 26) . A trajectory of mGluR3 molecule consists of time series of step displacements. Each time series of the observed data is given as X = {x1, ... , xN}, where N is the total number of frames. A corresponding time series of diffusion states is defined as Z = {z1, ... , zN}. Here, zn = {zn1, ... , znK}, in which K is the total number of states, and znk =1 and 0 otherwise for a molecule in the k-th state and n-th frame. In order to estimate the state series Z from the data X, we applied the HMM where Z is assumed to obey the Markov process with transition matrix A. The distributions of the initial state and transition probability are described as follows, respectively:
where k ≡ p(z1i = 1) satisfies 0 ≤ i ≤ 1 and   i i 1  , and Aij is an element of A from the i to j-th state and satisfies 0 ≤ Aij ≤ 1. The distribution of the emission probability, which represents the observation probability of the step displacement, is described with parameters  as follows,
The probability is described with a two-dimensional diffusion equation,
where Dk is the diffusion constant of state k, and t is the frame rate (30.5 ms).
Thus, the joint probability distribution, p(X, Z |) is where  = {, A, } is the parameters of the observation probability. Molecular states Z and model parameters  were estimated by using the VB method (41) to satisfy the maximum value of the logarithmic likelihood function of p(X). When the distribution of  is specified by the model M, 
To optimize the distribution functions q(Z) and q(), the variational Bayesian (VB)-EM algorithm was applied (41). The VB-E step and VB-M step maximize Lq against q(Z)
and q(), respectively. The VB-E step corresponds to the calculation of 
, , , , ,
Based on equations (11~13), each term of equation (21) 
q(j) can be factorized to separate terms for each parameter. By optimizing q(j), the expectations of parameters are obtained and used as updated values in the next VB-E step.
The Dirichlet distribution was used for given prior functions of the initial state, transition probability distributions, and the calculated posterior functions. Thus, the log of expectation of the initial state is obtained as
and ui  is the hyper parameter of the prior function and given as a flat probability distribution, ui  =1. The log of expectation of the transition probability is (14)), the prior function, including the diffusion coefficient (Dk), is given by a gamma distribution, and the log-expectation of
where aD and bD are the hyper parameters and assigned values to maximize the lower bound Lq, which was rewritten from equation (18) as
where cn is the scaling factor calculated in the VB-E step. The iteration between the VBE-and VBM-step is performed until the lower bound converges.
The VB-HMM analysis on the obtained data was carried out using the following procedure: 1) We set the number of states (N) and divided the data into N groups by the K-means clustering method in which initial values were given by the K means++ method ; 2) We calculated the initial parameters of the observation probability for each group; 3) We used the VB-E step to optimize q(Z) by equations (22~24) with the forward-backward algorithm; 4) We used the VB-M step to update the parameters by equations (27~29); 5) We calculated the lower bound, Lq, by using equation (30) and judging its convergence, except for the first Lq, by determining whether the difference from the previous Lq was less than 0.001%; 6) If Lq was not converged, we repeated the next iteration step by repeating steps 3) to 5); and 7) We optimized the state sequence by choosing a state with the highest probability at every frame. For the calculation in 4), we assigned ui = u A ij = 1, and different fixed values for aD, bD that gave maximum lower bounds for the observed trajectory data.
Heterologous expression and membrane preparation for in vitro biochemical assay
Heterologous expression of mGluR3 in HEK293 cells for in vitro biochemical assay was performed according to previously reported methods (19) . The plasmid DNA (10 μg/100-mm dish) of mGluR3 or pCAG vector (mock) was transfected into HEK293
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. CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/205161 doi: bioRxiv preprint first posted online Oct. 18, 2017; cells growing to ~40% confluency in DMEM/F12 supplemented with 10% FBS by the calcium-phosphate method. The cells were collected 48 h after transfection by centrifugation, and the pellet was washed with PBS (1 mL, pH 7.4). The cell pellet in a 1.5 mL tube was homogenized with a pellet mixer in 50% sucrose in buffer A (50 mM HEPES (pH 6.5) and 140 mM NaCl) prior to centrifugation. The supernatant containing the plasma membrane was diluted in two volumes of buffer A and recentrifuged. The membrane pellet was washed with buffer A and stored at -80 °C.
Western blotting
The mGluR3 containing membrane pellet was suspended in the sample buffer (62.5 mM Tris-HCl (pH 6.8), 4% SDS, 10% glycerol) with or without 2.5% -mercaptoethanol (ME). After 5.5% SDS-PAGE, the electrophoresed proteins were transferred onto a polyvinylidene difluoride membrane and probed with the Rho1D4 antibody (primary antibody) and the HRP-linked anti-mouse IgG (secondary antibody, Cell Signaling #7076). Immunoreactive proteins were detected using the Amersham ECL prime Western blotting detection reagent (GE) with ImageQuant LAS 500 (GE).
[ 3 H]-Ligand-binding assay of mGluR3
The cell membranes containing mGluR3 were resuspended in HBSS (with 15 mM HEPES (pH 7.1), without NaHCO3 (Sigma)), which are the same buffer conditions as for the single-molecule imaging. 
described above. The specific binding was defined using 100 M LY341495 as the displacer. The IC50 values were calculated by equation 4.
[
S]-GTPS binding assay of mGluR3
The and IC50 values were calculated with equations 3 and 4, respectively.
Saturation binding assay of HaloTag TMR ligands
The HEK293 cells growing to ~90% confluence on a 100-mm dish were detached using the same protocol for passage, and suspended in DMEM/F12 (4 mL) with 10% 
where n is the Hill coefficient. Fig. S1 . Evaluation of the effect of HaloTag fusion to mGluR3 
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. (H) Intensity histograms of TMR-labeled mGluR3 from the same cell in Fig. 3A , B. The data from immobile, slow, medium, fast, and the total trajectories are shown in blue, yellow, green, red, and black, respectively.
The histograms in (G, H) were fitted by the sum of Gaussian functions (equation 7 in Methods). S5 . Dose-dependent change in the diffusion coefficient of each diffusion state Diffusion coefficient of each state was estimated from the step size within a frame (30.5 ms) by VB-HMM analysis. LY341495-dependency of the diffusion coefficients of (A) fast, (B) medium, (C) slow, and (D) immobile states. LY379268-dependency under 100 nM LY314195 of (E) fast, (F) medium, (G) slow, and (H) immobile states. * Significant difference in the diffusion coefficient compared with the leftmost point in each curve (p < 0.01; t-test, two-tailed). 
